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Abstract To assess whether molecular oxygen and oxidative
stress contribute to chloroquine activity, we cultivated strains of
Plasmodium falciparum in erythrocytes with carboxyhemoglo-
bin and an atmosphere containing 2% CO, 5% CO2 and 93%
N2. Results indicate that, contrary to common belief, oxygen is
not involved in the activity of chloroquine. Reactive radicals
formation is suggested. & 2002 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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Malaria continues to be a major health problem in tropical
countries. Some 300^500 million clinical cases occur annually
and result in 700 000^2.7 million deaths [1]. Chloroquine, a
4-amino 7-chloro quinoline, has been the mainstay of malaria
control for decades. Despite years of use, its mode of action
and the mechanism by which malaria parasites become resis-
tant are only partly known. We know, however, that they are
unrelated and independent [2]. Resistance of Plasmodium fal-
ciparum to chloroquine is multigenic and concerns drug accu-
mulation in the parasite. In contrast, chloroquine and other
quinoline drugs target a unique, essential metabolic pathway
of the parasite, the ingestion and degradation of host cell
hemoglobin (Hb) within the parasite’s food vacuole. While
globin-derived amino acids are used by the parasite, the re-
maining free heme moiety must be disposed: iron(II)protopor-
phyrin IX (Fe[II]PPIX) is oxidized to iron(III)protoporphyrin
IX (Fe[III]PPIX) and, for the most part, converted into a
crystalline pigment called hemozoin [3]. So, although chloro-
quine resistance is nowadays widely spread, knowing how
chloroquine works is important in order to design newer
and more e¡ective drugs.
It is generally accepted that chloroquine prevents heme dis-
posal through the formation of complexes with Fe[III]PPIX.
Nuclear magnetic resonance, UV-visible and Mo«ssbauer spec-
troscopy data concur to show that Z^Z interaction between
the drug and the electronic system of hematin governs the
formation of these adducts. The accumulation of free heme
and/or of chloroquine^Fe(III)PPIX adducts is thought to
generate oxidative stress, leading to peroxidation of parasite
membrane lipids and parasitic death [3^5]. However, uncer-
tainties still exist.
If the peroxidative damage hypothesis were correct, molec-
ular oxygen would be important and play a key role in the
initiation and ampli¢cation of the oxidative reactions. How-
ever, our ¢ndings are not supportive of this view. We found
no signi¢cant variation in the activity of chloroquine when the
oxygen tension in the culture was increased [6]. Also the pres-
ence of preformed peroxides was necessary for membranes to
react with the drug^Fe[III]PPIX complexes and for lipid per-
oxidation to occur [7]. To further clarify if molecular oxygen
and oxidative stress had a role in the mechanism of action of
chloroquine, we compared P. falciparum (chloroquine resis-
tant and susceptible clones) cultured in standard conditions
(erythrocytes in an atmosphere of 1% O2, 5% CO2 and 94%
N2) and modi¢ed conditions (erythrocytes containing car-
boxy-Hb in 2% carbon monoxide (CO), 5% CO2 and 93%
N2). The a⁄nity of CO for Hb is 250 times greater than
that of oxygen [8]. Parasites grew normally in the presence
of carboxy-Hb; we observed no gross morphological changes
after continuous culture under modi¢ed conditions for over a
month and parasites showed microscopically birefringent crys-
tals similar to native hemozoin. In vitro susceptibility to
chloroquine remained unchanged, both for resistant and sen-
sitive parasites. Verapamil, a chloroquine resistance modi¢er,
maintained its e¡ect on chloroquine resistant P. falciparum [9]
(Fig. 1A).
Based on these ¢ndings we reached the following conclu-
sions: (i) the metabolic pathways inhibited by CO are not
essential for the survival and growth of the parasite. We refer
in particular to the inhibition by CO of the respiratory chain
(i.e. cytochrome a3) [10], as well as to the ¢ndings of experi-
ments where the oxygen consumption of Plasmodia was mea-
sured in the presence of cyanide. These data lead the authors
to suggest the existence of a cyanide resistant, alternative res-
piratory pathway in P. falciparum, as described for plants and
fungi [11]; (ii) parasites can grow in the conditions adopted in
our experiment suggesting that they are capable of utilizing
carboxy-Hb as well as oxy-Hb. This indirectly con¢rms that
Plasmodia are microaerophilic organisms [12]; (iii) most im-
portantly, the presence of oxygen appears to be irrelevant for
chloroquine to act. These ¢ndings contrast with the common
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belief that parasite death caused by chloroquine is mediated
by toxic oxygen species derived from the accumulation of free
heme or Fe[III]PPIX^chloroquine adducts [3,4]. The experi-
mental conditions and practices adopted were designed to
prevent oxygen contamination, so that activated oxygen spe-
cies could not form. Therefore, we can conclude that in these
conditions Plasmodium growth and chloroquine activity are
unaltered. These observations allow us to propose alternative
hypotheses on both the physiology of the parasite and the
mode of action of chloroquine.
We submit that the food vacuole may represent an anaer-
obic compartment in a microaerophilic organism. The hy-
pothesis that the conditions of the food vacuole are of func-
tional anaerobiosis is plausible because at the acidic pH of
this organelle, Hb saturation for oxygen is very low (6 10%),
and because the relative solubility of oxygen is signi¢cantly
lower than that of CO2 (Henry’s coe⁄cient) [13]. Our data do
not allow further speculation on the parasite ability to carry
on other oxygen-dependent metabolic pathways, such as de-
novo pyrimidine synthesis, for which Plasmodia do not seem
to have a salvage pathway [14].
Considering that the food vacuole is the main site of action
of chloroquine, we would like to suggest the existence of an
alternative mechanism of action of chloroquine, on the basis
of both our own and published data. This hypothesis is sup-
ported by the fact that the formation of adducts via Z^Z
bonds with the porphyrin ring is essential for the activity of
quinoline antimalarials [3], and that the quinoline ring, as well
as the side chain, of chloroquine can host radicals [15]. We
thus propose the occurrence of an electron transfer between
the redox couple Fe[II]PPIX/Fe[III]PPIX and the quinoline
ring [16,17], to generate highly reactive radicals. That this
transfer exists is corroborated by the observation that chloro-
quine protects Fe[II]PPIX/Fe[III]PPIX from oxidative degra-
dation by reactive oxygen species (see [18] and Pasini et al.,
unpublished results). This hypothesis would explain the im-
portance of stereoelectronic features for chloroquine antima-
larial activity [19], since an electron transfer is linked to the
electron density in position 4 and in the secondary nitrogen of
the side chain, which in turn depends on the substituent in
position 7 of the quinoline ring [3] (Fig. 1B). This theory also
explains the importance of chlorine in position 7 and the fact
that the antimalarial activity is lost when the nitrogen atom
(N4) is alkylated [3,20]. Investigations to further support this
hypothesis are underway.
These results allow us to identify two characteristics to be
sought in the design of newer antimalarials targeting processes
in the food vacuole: the ability to act in the ‘reducing’ con-
ditions of the food vacuole and to form radicals [21] in the
presence of Fe(II)PPIX, a mechanism already proposed for
artemisinin type compounds [22].
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